Introduction
Reactive oxygen species (ROS*) are the by-products generated endogenously by all aerobic cells as a result of oxygen metabolism. ROS are highly reactive and at high concentrations exert harmful effects on living organisms, including damage *Abbreviations: AP-1, activator protein 1; CMV, cytomegalovirus; CuZnSOD, copper and zinc containing superoxide dismutase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; H 2 O 2 , hydrogen peroxide; JNK, c-jun N-terminal kinase; MAPK, mitogen-activated protein kinase; MnSOD, manganese-containing superoxide dismutase; MTX, methotrexate; NF-ΦB, nuclear factor kappa B; O 2 .-, superoxide radical; PCR, polymerase chain reaction; RT-PCR, reverse-transcriptase polymerase chain reaction; DIG, digoxigenin; AP, alkaline phosphatase.
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© Oxford University Press 833 to DNA and cell membranes. Extensive research has focused on the possible effects of ROS induced mitogenesis, tumor promotion and neoplastic transformation (1) (2) (3) (4) (5) (6) . At low concentrations, certain ROS act as essential intracellular second messengers in the signal transduction pathways of cytokines and growth factors (7) (8) (9) (10) . ROS are indicated in signaling the expression of pro-oncogenes including c-fos, c-myc, c-jun (11) (12) (13) (14) (15) , and superoxide radicals are involved in ras-induced cellcycle progression independent of the MAPK and JNK pathway (16) . Increased intracellular ROS may cause carcinogenesis, while antioxidants can prevent malignant transformation (5, 6) . Manganese-containing superoxide dismutase (MnSOD), a primary antioxidant enzyme, is encoded by a nuclear gene mapped on chromosome 6q25 (17) . It converts superoxides, that are produced in the mitochondria, to hydrogen peroxides, and these are further metabolized to water by the other two primary antioxidant enzymes, catalase (CAT) and glutathione peroxidase (Gpx). Accumulating evidence supports a relationship between MnSOD and malignant transformation: (i) neoplastic transformation is usually accompanied by lowered MnSOD (1, 18, 19) ; (ii) transgenic expression of normal MnSOD cDNA driven by different promoters, induces suppression of the malignant phenotype, or induces differentiation (20) (21) (22) (23) (24) (25) . We have shown that overexpression of the human MnSOD gene, when driven by a human β-actin promoter in MCF-7 cells, altered the malignant phenotype and reduced tumor growth both in vitro and in vivo (23) . Cell resistance to the cytotoxic effects of TNF-α and/or hyperthermic stress was also increased in the MnSOD transfectants (25) . These findings suggest that MnSOD may function as a tumor suppresser gene in human breast cancer cells. The signaling pathways in MnSOD induced cell phenotypic changes and suppression of tumor growth invasion need to be further elucidated.
Mutations of about a dozen tumor suppressor genes have been linked with the development of human cancer. These include Rb, p53, WT1, BRCA1, BRCA2, VHL, APC, NF-1, NF-2 and p16 (26) . However, none of these gene products have been indicated to affect tumor invasion and metastasis (26, 27) . Proteases and protease inhibitors play important roles in normal tissue development, and an imbalance of these two types of proteins is involved in tumor invasion and metastasis (28) . Proteases degrade the extracellular matrix and help tumor cells to invade and undergo metastasis: protease inhibitors inhibit this process. Maspin, a recently cloned 42-kDa protein that belongs to the serpin protease inhibitor family, has been proposed as a tumor suppressor gene product, which is mainly expressed in normal mammary epithelial cells but is undetectable or expressed at very low levels in several mammary carcinoma cell lines, including MCF-7 cells (29) . Although the precise molecular mechanism of the anti-tumor effect has not been identified, maspin mainly inhibits the motility and metastatic potential of mammary tumor cells when recombinant maspin gene is overexpressed or added in culture (29, 30) . We have observed that the MnSOD gene is down-regulated in several human breast cancer cell lines, including MCF-7 (23). These observations prompted us to test the hypothesis that the MnSOD-induced cell phenotypic changes and inhibition of tumor growth in vivo are related to tumor suppressor gene(s) expression, especially the protease inhibitors. In the present study, we demonstrated an increased endogenous expression of maspin gene in the MnSOD overexpressing MCF-7 cells. These results suggest that the reduced potential of cell invasion in MnSOD overexpressing cells is related to gene expression of the protease inhibitor, maspin. 
Materials and methods

Reagents
Plasmids
The CMV-neo-selecting plasmid (pBKCMV) was obtained from Invitrogen Co. (San Diego, CA). The human MnSOD expression vector, pBKSOD, was constructed by inserting human MnSOD cDNA into the multiclonal site of a mammalian cell expression vector pBKCMV (Strategene Co., La Jolla, CA). The pBKSOD vector was successfully expressed in MCF-7 cells by transient transfection (25) . The pHβApr-1 MnSOD vector driven by human β-actin promoter was a kind gift of Dr St Clair at the University of Kentucky and was used to establish the stable MnSOD-expressing MCF-7 cell line (23) .
Cells
Human breast cancer MCF-7 cells and the vector control subline (MCF ϩ MTX) were cultured in the IMEM containing sodium pyruvate (1 mM), bovine insulin (10 mg/ml), and 10% heat-inactivated fetal bovine serum. The stable human MnSOD transfected cell line was grown in the same IMEM medium with 15-20% fetal bovine serum and 10 mM sodium pyruvate as described before (23) . The plating efficiency and tumorigenicity of MCF-7 and MnSOD transfected cells have been demonstrated (23) .
Oligonucleotide primers
The following oligonucleotide primers were used for this study: primers for human MnSOD cDNA: 21-mer, 5Ј-GGCATCAGCCGGTAGCACCAG-3Ј, located at the 5Ј non-coding region and 23-mer, 5Ј-CTGCAGTACTCTATACC-ACTACA-3Ј, located at the 3Ј non-coding region (23) ; and primers of human maspin gene, 5Ј-CACTGGGCAATGTCCTCTTC-3Ј (20-mer, sense, located at 146-165) and 5Ј-TGGTCTGGTCGTTCACACTG-3Ј (20-mer antisense, located at 547-528) (29) . Two primers of human β-actin cDNA were 5Ј-TCATGAAGTGTGACGTTGACATCCGTAAAG-3Ј (30-mer, sense, 2725-2754) and 5Ј-CCTAGAAGCATTTGCGGTGCACGATGGAGG (30-mer, antisense 3133-3104). Primers for human GAPDH cDNA (Gene Bank M17851) were 5Ј-ATCCCATCACCATCTTCCAG-3Ј (20-mer, sense, located at 248-267 base) and 5Ј-GCCATCACGCCACAGTTTCC-3Ј (20-mer, antisense, located at 611-630).
DNA sequencing
Automated DNA sequence analysis was performed in the DNA Core Facility at University of Iowa. The maspin RT-PCR fragment from 146 to 528 was amplified by RT-PCR using total RNA purified from MCF-7 cells. The RT-PCR amplicons were then purified with agarose electrophoresis and a Geneclean II Kit (BIO 101 Inc., La Jolla, CA) and quantified by spectrophotometry. For sequencing, 500 ng of the RT-PCR fragment was mixed with 3.2 pmol sense or antisense maspin primer in a specific buffer that contained fluorescent-labeled reaction premix for cycling sequencing. The samples were then subjected to further PCR amplification for 25 cycles and sequenced in a 373A automated DNA sequencer (Applied Biosystems, Perkin-Elmer, Branchburg, NJ). The sequencing result were analyzed by the GCG (Genetics Computer Software, University of Wiscosin) Sequence Analysis Software Package and compared with the normal cDNA sequence of maspin in GenBank (U04313).
Maspin cDNA labeling by PCR
Non-radioactive labeling of the maspin cDNA fragment was carried out by RT-PCR using two maspin cDNA primers and 3 µg of total RNA purified from MCF-7 cells. A 402-bp fragment of the maspin cDNA sequence that coded from 146-547, was labeled by DIG-dUTP as described (31) . The enhancement and labeling was run for 50 cycles in a 50-µl vol. of reaction mix containing Tris (pH 8.3, 10 mM), KCl (50 mM), MgCl 2 (1.5 mM), dATP (0.01 mM), dCTP (0.01 mM), dGTP (0.01mM), dTTP (0.067 mM), DIG (digoxigenin)-dUTP (0.033 mM), the sense and antisense primers (0.1 mM each) and Taq polymerase (5 units). Alternatively radioactive labeling of the maspin cDNA fragment was performed with [ 32 P]dUTP in place of DIGdUTP. The sensitivity of the labeled cDNA probe was tested by Southern hybridization.
Southern blot
Southern hybridization using the DIG-labeled cDNA probes has been previously described (23) . The RT-PCR maspin amplicon was separated on a 1% agarose gel by electrophoresis and transferred to a positively-charged nylon membrane (Boehringer Mannheim Inc.). Prehybridization, hybridization and blocking were performed in the presence of 6ϫ SSC at 42°C according to instructions of the Genius non-radioactive hybridization kit (Boehringer Mannheim Inc.). Selective hybridization of sequences was achieved by washing the filters in 0.1ϫ SSC/0.1% SDS at 55°C. The blot was then incubated in a solution containing anti-DIG-alkaline phosphatase (AP) antibody and then a chemiluminescent substrate for AP [PPD: 4-methoxy-4-(3-phosphatephenyl) spiro (1,2-dioxetane-3, 2Ј-adamantane)]. The hybridization blot was visualized by exposure to X-ray film for different times to produce an optimal image.
RNA preparation, RT-PCR and Northern blot
Total RNA was prepared using the RNAzol B method (Tel-test Co., Friendswood, TX). The RNA sample was then quantified by spectrophotometry at 260 nm and reverse-transcribed to cDNA with the use of a GeneAmp RNA-PCR kit (Perkin-Elmer) under the following conditions: Aliquots of 2 µg of total RNA was incubated in 40 µl reverse transcription mixture. Incubation conditions were as follows: 60 min at 37°C, 5 min at 94°C followed by cooling on ice for 5 min. MnSOD or maspin fragments were then amplified with a thermocycler (Perkin-Elmer Cetus) in a 50-µl reaction mixture that utilized 2 µl of cDNA product as the template, and sense and antisense primers (10 µM each). RNase-free DNase (Promega; 2 units) or DNase-free RNase (Boehringer; 4 units) was added to duplicate samples before reverse-transcription to serve as controls. PCR was performed for 35 cycles for 1 min at 94°C, 1 min at 52°C and 2 min at 72°C. The amplicons were electrophoresed on 2% agarose gels and visualized by ethidium bromide staining. For Northern blot analysis, 20 µg total RNA isolated from each cell line was size-separated by 1% formaldehyde-agarose gel electrophoresis and transferred to a positively-charged nylon filter. The filter was dried and probed with DIG-labeled or 32 P-labeled cDNA probes. The hybridization was performed at 42°C overnight and the blot was washed twice for 30 min in 2ϫ SSC/0.1% SDS at room temperature and twice in 0.1ϫ SSC/0.1% SDS at 55°C for 30 min. The blot was then incubated with anti-DIG-AP-antibody and PPD. The hybridization blot was visualized by exposure to X-ray film.
Matrigel invasion assay
The in vitro invasion test was conducted as described earlier (32) by using a Biocoat Matrigel Invasion Chamber (Becton-Dickinson Labware Co., Bedford, MA). For the invasion test, 1ϫ10 5 cells of CMV-SOD stable transfectants (as described above), MCF ϩ SOD, MCF ϩ MTX, as well as wild-type MCF-7 cells suspended in 1 ml 0.1% BSA DMEM, were added into the upperchamber. The lower chamber contained EMEM with 10% FBS, 1 mM pyruvate (wild-type and vector control cells) or 15% FBS EMEM with 10 mM pyruvate (MCF ϩ SOD and MCF ϩ SODp cells) in 24-well chambers that had been cultured for 24 h at 37°C. At the end of incubation, the cells on the upper surface of the membrane were completely removed by scrubbing with a cotton-tipped swab. The cells on the lower surface of the membrane were fixed, stained and counted under a microscope. Each invasion assay was performed three times and triplicate chambers were used for one invasion test. The relative invasion was expressed as the ratio of percentage invasion of MnSOD or vector control transfected cells divided by the percentage invasion ability of wild-type MCF-7 cells.
Results
Both MnSOD and maspin genes are down-regulated in MCF-7 cells
MnSOD has been long suspected to be a tumor suppressor gene. This is based on the observation that MnSOD is low or 
Maspin gene expression is induced in MnSOD stable transfectants
Overexpression of human MnSOD cDNA in MCF-7 cells suppressed proliferation in both cell culture and in nude mice (23) , and altered cellular sensitivity to the cytotoxic effect of cytokine TNF-α and/or hyperthermia (25) . In order to analyze the mechanism of MnSOD-mediated inhibition of proliferation, genes that are related to cell growth and invasion, and those that are down-regulated or absent in tumor cells but wellmaintained in normal counterpart cells, need to be determined. The maspin gene has been reported as one such gene, and as a tumor suppressor it inhibits cell invasion and motility in breast cancer cells (29, 30, 35) . In the present study, we measured the transcription levels of both MnSOD and maspin in the MnSOD stably transfected cells. RT-PCR was performed using 2 and 3 , respectively) was size-separated by 1% formaldehyde-agarose gel electrophoresis and transferred to a positively-charged nylon filter. The blot was hybridized with DIG-labeled maspin or GAPDH cDNA probes at 55°C overnight and visualized by exposure to X-ray film after reaction with anti-DIG-alkaline phosphatase (AP) antibody and a chemiluminescent substrate.
DNA primers that were synthesized according to published maspin cDNA sequence and previously reported MnSOD primers (36), as described in Materials and methods. The endogenous maspin gene transcripts were detected in the MnSOD stable transfectant MCF ϩ SOD cell lines ( Figure  1A , lane 3) but not in wild-type MCF-7 or vector control transfected MCF-7 cells line ( Figure 1A, lanes 1 and 2) . Both MnSOD and maspin transcripts were detected in the same RNA sample purified from the MCF ϩ SOD cell line ( Figure  1B, lanes 3 and 4) but not in the vector control transfected cell line MCF ϩ MTX ( Figure 1B, lanes 1 and 2) . The maspin RT-PCR fragment generated in the MCF ϩ SOD cells was identified by Southern blot using DIG-labeled maspin cDNA probes as detailed in Materials and methods ( Figure 1C) . The RT-PCR fragments of MnSOD and maspin produced in the MCF ϩ SOD cells were identified by sequencing (data not shown). Figure 2 shows the Northern blot of maspin and GAPDH gene expression in the MnSOD stably transfected cell line (MCF ϩ SOD) and the control cell lines. A large increase in maspin mRNA level was found in the stable MnSOD-overexpressing cell line (Figure 2, lane 3) .
Maspin gene expression is induced by transient MnSOD expression
Varied amounts of human MnSOD cDNA, driven by a CMV promoter, were transfected into wild-type MCF-7 cells by LipofectAMINE. MnSOD expression was detected by Western blot at 36 h after transfection, as previously described (25) . Figure 3A shows the increased immunoreactive MnSOD proteins following MnSOD transfection with the indicated amount of DNA. In agreement with our previous results (25), MnSOD protein was remarkably induced after transfection, and the highest level was obtained using 2~4 µg CMV-SOD plasmid DNA driven by CMV promoter ( Figure 3A, upper  panel) . In contrast, the other superoxide dismutase located in the cytoplasm, copper-and zinc-containing superoxide dismutase (CuZnSOD), did not show this increase in cells to overexpress MnSOD ( Figure 3A, lower panel) , which indicates the relative specificity of MnSOD-induced cell phenotypic changes. To determine maspin gene induction in MnSOD transfected cells, RT-PCR was performed using maspin primers and RNA samples were purified from the duplicate transfected cells ( Figure 3B ). The amount of maspin transcripts increased with the amount of MnSOD DNA transfected ( Figure 3B ). In order to measure the maspin expression quantitatively, radioactive PCR, using duplicate cDNA samples, was performed ( Figure 3C ). The radioactivity of maspin transcripts was increased in parallel to the amount of MnSOD DNA transfected and to the PCR running cycle, which indicates that maspin transcription was related to MnSOD expression.
Invasion ability is reduced in MnSOD transfectants
Maspin functions as a tumor suppressor gene mainly by inhibiting cell invasion (29, 30) . In order to study the relationship between cell invasion and MnSOD-induced maspin gene expression, we applied the in vitro invasion test to the established MnSOD stable transfected cell line, MCF ϩ SOD, and to the pooled cell clones that were stably transfected by the CMV-SOD plasmid. These latter clones showed a similar transcription level of MnSOD and maspin as the MCF ϩ SOD cells detected by RT-PCR (data not shown). The functional MnSOD activity measured in the stable MnSOD cell line was 5.7 times more than that of the wild-type MCF-7 cells (23) . The invasion abilities of the MCF ϩ SOD cell line and the pooled MnSOD transfectants controlled by CMV promoter (MCF ϩ SODp) were reduced to 24% and 36%, respectively, compared with wild-type MCF-7 cells (Figure 4 ). In contrast, the vector control cell line MCF ϩ MTX and the pooled vector control MCF ϩ CMV transfectants did not show any alteration in invasion ability compared with the wild-type MCF-7 cells.
Discussion
Maspin, a target gene of MnSOD induced signaling
In the present study, we found that the inhibitory effect on cell invasion induced by MnSOD may be related to the up-regulation of protease inhibitor maspin-gene induction. MnSOD is one of the main antioxidant enzymes that defends cells from the toxic effects of superoxide radicals, and thus acts as a modulator in maintaining redox balance. Many tumor cells show lowered or lack of MnSOD activity and the imbalance in superoxide free radicals is considered to be a mediator in carcinogenesis (33) . The ability of MnSOD to act as a tumor suppressor has been shown in several in vitro transgenic experiments (20) (21) (22) (23) (24) . We have demonstrated that transfection of MnSOD cDNA in human breast cancer cells induced obvious phenotypic changes and inhibited cell growth in vitro and in vivo (23) . MnSOD also increases cell resistance to cytotoxic effects of the cytokine TNF-α and/or hyperthermia (25) . However, it is difficult to explain how all the phenotypic alterations induced by MnSOD in different types of cancer cells can be caused by the activity of a single antioxidant enzyme, whose functional form is located in the matrix of mitochondria. We hypothesized that MnSOD is able to induce alterations in signaling transcriptional factors, since many transcription factors contain cysteine residues and are subject to redox-regulation (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) . Up-and/or down-regulation of the target genes of these transcription factors that respond to MnSOD overexpression may contribute to the cell phenotype alterations. The present results demonstrate that maspin, a protease inhibitor, was endogenously induced in MnSOD transfectants. Evidence indicates that the maspin protein, whether expressed in tumor transfectants or added as recombinant maspin in culture, inhibits cell invasion and motility (29, 35) . It also indicates that maspin acts at the cell surface (30) . Our present results indicate an important role of MnSOD in gene regulation of the protease inhibitor maspin and thus explains the inhibitory effects of MnSOD on cell invasion. A report has shown that overexpression of MnSOD did not inhibit tumor growth but suppressed tumor metastasis (47) . Our previous results have shown that MnSOD overexpressing cells produced less metastasis per animal than appropriate controls (23) . Although tumors from the MnSOD overexpressing cells grew much slower than controls, in repeated tests these tumors could grow to the equivalent size. It appears that phenotypic changes in MnSOD-induced tumors may be mediated by multigenic regulation, which are down-stream events from a transcription-factor response to MnSOD-induced redox alteration. Maspin gene induction is one of the consequences that may contribute to the inhibitory effects of cell motility and invasion.
Superoxide is involved in signal transduction
Growing evidence suggests that ROS (superoxide and hydrogen peroxide) are produced in many tumor cells and play a crucial role in signaling underlying cell proliferation. Low concentrations of superoxide or hydrogen peroxide stimulate cell growth and growth response in a variety of cultured mammalian cells (48, 49) . Different signaling pathways are indicated between superoxide-and hydrogen peroxide-induced cell growth responses (50, 51) . Superoxide induces a rapid increase of intracellular pH and Ca 2ϩ increase, but H 2 O 2 , which permeates cell membranes freely, does not induce these early responses (50, 51) . ROS mediate early growth response 1 transcription factor gene (egr 1) expression and this involves the modification of the serum response factor that interacts with CArG[GC(A/T) 6 GG] promoter sequences (52) . ROS also act as essential intracellular second messengers when signaling cellular responses to cytokines and growth factors (7) (8) (9) (10) , and have been indicated in signaling the expression of prooncogenes including c-fos, c-myc and c-jun (11) (12) (13) (14) (15) . In mouse JB6 epidermal cells, superoxide induces c-fos activation via protein kinase C, which is activated and translocated after superoxide exposure (53, 54) . A recent report indicates that superoxide is related to ras-induced fibroblast transformation and its signaling pathway is different from those of MAPK and JNK (16) . Our previous results indicate that MnSOD overexpression may reduce endogenous superoxides generated in human breast cancer MCF-7 cells, and as a result this may cause an elevation of hydrogen peroxide or hydroperoxide levels. These ROS level alterations in tumor cells may lead to a redox change that in turn leads to changes of signaling in gene regulation. The present results indicate that one of the consequences of this transcription factor regulation is the transactivation of the protease inhibitor gene maspin. Therefore, the maspin gene may be one target gene for transcription factor regulation that is induced by redox rebalance produced by MnSOD overexpression. Since maspin protein has been shown to function on the cell surface and as a protease inhibitor, inhibit cell invasion and motility in vitro and in vivo (29, 30) , we conclude that MnSOD-induced inhibition on cell invasion is related to maspin gene expression in human breast cancer MCF-7 cells. Changing or re-balance of the ratio of superoxide to hydrogen peroxide induced by MnSOD expression, may be an up-stream event that induces different responses to redox-sensitive transcription factors, and thus may control target gene regulation. The present data indicate that maspin is a gene whose expression is regulated by MnSOD and is related to MnSOD-induced inhibition of tumor invasion.
